Klebsiella pneumoniae (Kp), one of the most common causes of healthcare-associated infections, 23 increases patient morbidity, mortality and hospitalization costs. Kp must acquire nutrients from the host 24 for successful infection. However, the host is able to prevent bacterial nutrient acquisition through 25 multiple systems, including the innate immune protein lipocalin 2 (Lcn2) that prevents Kp iron 26 acquisition by sequestering the siderophore enterobactin. To identify novel Kp factors that mediate 27 evasion of nutritional immunity during lung infection, we undertook an InSeq study using a pool of 28 >20,000 transposon mutants administered to Lcn2+/+ and Lcn2-/-mice. Comparing mutant frequencies 29 between mouse genotypes, this genome-wide screen identified the Kp citrate synthase GltA as 30 potentially interacting with Lcn2, and this novel finding was independently validated. Interestingly, in 31 vitro studies suggest that this interaction is not direct. Given that GltA is involved in oxidative 32 metabolism, we screened the ability of this mutant to use a variety of carbon and nitrogen sources. The 33 results indicated that the gltA mutant has a distinct amino acid auxotrophy and is unable to use a variety 34 of carbon sources. Specifically, we show that gltA is necessary for growth in bronchioloalveolar lavage 35 fluid, which is amino acid-limited, but dispensable in serum, which is amino acid rich. Deletion of Lcn2 36 from the host leads to increased amino acid levels in bronchioloalveolar lavage fluid, and thus 37 abrogates the loss of gltA during pneumonia in the Lcn2-/-background. GltA was also required for gut 38 colonization, but dispensable in the bloodstream in a bacteremia model, demonstrating that deletion of 39 gltA leads to an organ-specific fitness defect. Together, this study is the first to mechanistically describe 40 a role for gltA in Kp infection and provide unique insight into how metabolic flexibility impacts bacterial 41 fitness during infection. 42 3 43 Author Summary 44
To establish a productive infection, bacterial pathogens such as Kp must acquire nutrients from the 71 host environment. Subsequently, metabolic flexibility frequently dictates the capacity of pathogens to 72 invade different niches [7] [8] [9] [10] . This flexibility is defined by the ability of a bacterial pathogen to 73 categorically or conditionally acquire and utilize different metabolites. For example, Salmonella 74 enterica serotype Typhimurium uses tetrathionate as an electron acceptor, providing a fitness 75 advantage in the gut, whereas this advantage is not conferred in the spleen due to the lack of 76 tetrathionate [11] . Interestingly, Kp potentially exhibits diversity in metabolism and nutrient acquisition, 77 as indicated by the ability to cause a wide range of severe infections, including pneumonia, bacteremia, 78 urinary tract infection, and pyogenic liver abscess [12] . Additionally, infectious Kp frequently originates 5 79 from sites of colonization [13] [14] [15] , including the gut and nasopharynx [16, 17] ; however, the impact of 80 metabolic flexibility on Kp pathogenesis has not received significant attention. 81 82 Metabolites necessary for niche invasion by pathogens can be acquired directly from the host, through 83 the metabolic activity of other microorganisms within the host microbiome, or by de novo synthesis, 84 and limitation of access to these nutrients by the host is a universal means of impeding niche invasion 85 by bacterial pathogens [18] [19] [20] [21] . For example, iron (Fe) is critical for niche invasion and subsequent 86 pathogenesis. The host sequesters ferrous iron (Fe 2+ ) by complexing with heme and ferric iron (Fe 3+ ) 87 by complexing with transferrin, ferritin, or lactoferrin [18] . To overcome these complexes, bacterial 88 pathogens such as Kp encode a variety of proteins and small molecules to harvest sequestered iron, 89 including the family of low molecular weight chelators known as siderophores [22] . Consequently, the 90 host further prevents iron acquisition by sequestering bacterial siderophores with innate immune 91 molecules such as Lipocalin 2 (Lcn2). Lcn2 specifically binds the bacterial siderophore enterobactin 92 [23]; however, highly pathogenic bacterial strains encode alternative siderophores that circumvent this 93 activity. This strategy has been observed during Kp Lcn2+/+ and Lcn2-/-mice [28] were retropharyngeally inoculated with 1.4×10 6 CFU of a pool of ~25,000 117 transposon mutants ( Fig S1A) . Twenty-four hours after inoculation, mice were euthanized, lungs were 118 collected and homogenized, and total lung CFU were collected for DNA extraction and InSeq analysis, 119 as previously described [26] . After filtering, each sample had greater than 50 million reads 120 corresponding to greater than 20,000 unique transposon insertions inside of open reading frames 121 (Dataset S1). To identify LCN2-interacting Kp genes, the number of transposon insertion reads within 122 each gene were compared between the Lcn2+/+ and Lcn2-/-lung pools (mean reads per gene were 123 169 and 156, respectively). The log Lcn2+/+:Lcn2-/-insertion ratio of 1677 genes were significantly 124 enriched or depleted after correction for multiple comparisons, including entB that is required to 125 synthesize both enterobactin and the Lcn2-evading siderophore salmochelin (Dataset S1). A total of 126 49 genes had a fitness index greater or less than 3 standard deviations from the mean log 127 Lcn2+/+:Lcn2-/-insertion ratio (Fig S1B, Dataset S1) and 43 of these genes were considered significant 128 after correction for multiple comparisons (Fig S1C, Dataset S1, in bold). Of the 43 interrupted genes, 129 8 138 italics). Five genes displayed a greater than 2-log enrichment in the Lcn2-/-lung pool, and one, 139 VK055_1802, had a P value less than 10 -300 (Fig S1C-D, Dataset S1). VK055_1802 is annotated as 140 gltA, which encodes the citric acid cycle enzyme citrate (Si)-synthase [30] . Together, these data indicate 141 that metabolism is critical for the interaction between KPPR1 and the host during lung infection.
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To confirm the role of gltA during lung infection and its interaction with Lcn2, we constructed an isogenic 144 gltA mutant in the KPPR1 background using the Lambda Red recombinase system [31] and 145 complemented the gene in trans. The KPPR1gltA strain displayed no growth defect compared to WT 146 KPPR1 in nutrient-rich media ( Fig S1E) . This mutant was mixed 1:1 with its WT parent strain, then 147 inoculated retropharyngeally in both Lcn2+/+ and Lcn2-/-mice. As observed with InSeq data, the 148 KPPR1gltA displayed a significant fitness defect compared to the WT KPPR1 strain in the Lcn2+/+ 149 lung that was partially alleviated in the Lcn2-/-lung ( Fig 1A) . Given KPPR1iroAybtS strain [36] was able to grow in Lcn2-free conditions, but unable to grow in the 157 presence of Lcn2, validating the antagonistic relationship between enterobactin and Lcn2 ( Fig 1B) .
158 Surprisingly, deletion of gltA had no impact growth in the presence of Lcn2 ( Fig 1B) , suggesting that 159 the relationship between gltA and Lcn2 during lung infection is indirect. Given that citrate (Si)-synthase performs an irreversible oxidation in the citric acid cycle, we next 162 postulated that the relationship between gltA and Lcn2 is due to disruption of the TCA cycle. In addition 9 163 to oxidative metabolism, the TCA cycle provides a number of key carbon skeletons for the biosynthesis 164 of amino acids. To determine if loss of GltA affects Kp biosynthetic capabilities, we performed an 165 unbiased screen of carbon and nitrogen sources using the BioLog system to identify conditions 166 differentially permissive to KPPR1gltA growth [37] . Both the WT KPPR1 and KPPR1gltA were 167 cultured under 288 different conditions in triplicate, and growth was measured after 24 hours ( where both strains grew equally well, and 147 conditions that did not support growth ( histidine, and proline auxotrophy as indicated by the ability of these amino acids to support growth of 173 the KPPR1gltA strain ( Fig 2B, Dataset S2 ). Additionally, some dipeptides containing these residues 174 were partially or fully able to support growth of the KPPR1gltA strain, whereas dipeptides without 175 these residues do not ( Fig 2C, Dataset S2 ). To confirm these findings, we replicated these experiments 176 by growing the WT KPPR1, KPPR1gltA, and pGltA complemented strains in minimal medium (M9) 177 containing glucose. When glucose is the sole carbon source, the KPPR1gltA strain is unable to grow 178 but the addition of 10 mM glutamate fully restores growth ( Fig 3A) and expression of gltA from a plasmid 179 complemented the mutant. This auxotrophy was fully or partially complemented by addition of 10 mM 180 glutamine, 2-oxoglutaric acid, and proline ( Fig S2) . Finally, the restoration of KPPR1gltA growth in M9 181 medium containing glucose by addition of glutamate is dose-dependent ( Fig 3B) . These data show that 182 deletion of gltA induces specific amino acid auxotrophy. The differential necessity of gltA for growth in BALF and serum led us to hypothesize that gltA is a 214 fitness factor in nutritionally deplete body sites, but not in nutritionally replete body sites. To test this 215 hypothesis, we first employed a peritoneal injection murine model of Kp infection. We injected Lcn2+/+ 216 and Lcn2-/-mice with approximately 5×10 5 CFU of a 1:1 mix of WT KPPR1 and KPPR1gltA 217 intraperitoneally. Twenty-four hours after inoculation, mice were euthanized, and blood, liver, spleen, 218 and lungs were collected. Solid organs were homogenized, and CFU was enumerated by dilution 219 plating. As observed in the lung infection model, KPPR1gltA was at a competitive disadvantage 220 compared to WT KPPR1 in the Lcn2+/+ lung, and this disadvantage was alleviated in the Lcn2-/-lung 221 ( Fig 6A) . Consistent with ex vivo serum growth, KPPR1gltA was not competitively disadvantaged in 222 the blood of either mouse background but was less fit in the spleen and liver of Lcn2+/+ mice ( Fig 6A) . GltA is a type II citrate synthase, which are characteristically found in Gram-negative bacteria. growth only occurs upon the addition of a sufficient amount of glutamate (Fig 3) . Alternatively, 290 exogenous glutamine, proline, arginine, and histidine can facilitate growth through the central nitrogen 291 metabolic circuit or through production of glutamate through degradation [55]; however, 292 supplementation of 2-oxoglutaric acid at a high concentration was not sufficient for a complete 293 restoration of growth, suggesting a lack of transporting mechanism ( Fig S2) . Additionally, our data 294 demonstrate that dipeptides containing glutamate, glutamine, and histidine can support growth of GltA-295 deficient Kp (Fig 2) , suggesting that bacteria rely on scavenging dipeptides or polypeptides in the 296 course their colonization and infection. Taken together, our findings suggest that stratifying in vivo 297 environments as either nutritionally replete or deplete relative to the bacteria is apropos, and that a 298 systems biology approach of studying bacterial metabolic flexibility is beneficial for understanding the 299 lifestyle of pathogenic bacteria. were not functionally complemented in the Lcn2-/-lung (Dataset S1). Correspondingly, one would 317 predict that specific citric acid cycle components are important for Kp fitness in the lung. Interestingly, 318 only two citric acid cycle enzymes, gltA, and the fumarate reductase subunits, frdD, were functionally 319 complemented in the Lcn2-/-lung; however, the fumarate reductase subunits (frdA-C) did not display 320 a similar phenotype (Dataset S1), and furthermore, these enzymes are only used during anaerobic 321 growth. Our previous InSeq study identified the citric acid cycle components gltA, frdA, and frdC, as 322 fitness factors during lung infection [26] . Accordingly, only one glycolytic enzyme (pfkB), no pentose 323 phosphate pathway enzymes, and no Entner-Doudoroff pathway enzymes were identified as fitness 324 factors in this study [26] . Surprisingly, interruption of the citric acid cycle genes acnA and frdB and the Phenotypic metabolic flexibility has also been used to delineate closely related species of the K. 335 pneumoniae complex, which includes K. pneumoniae, K. quasipneumoniae, and K. variicola, as well 336 as Kp pathogenic lineages. K. quasipneumoniae is largely considered to be an opportunistic pathogen 337 that is frequently found as a colonizer [64], whereas K. variicola causes more serious infections [65] . 338 The three members of this complex can be separated by their metabolic profile, wherein metabolism of 17 339 adonitol, psicose, tricarballylic acid, and hydroxyproline phenotypically separates Kp from K. While this study significantly advances our understanding of the role that metabolic flexibility plays in 354 determining fitness during infection, it is not without its limits. Firstly, this study does not address the 355 mechanism underlying the difference in amino acid content between the Lcn2+/+ and Lcn2-/-lung. 356 Initially this result was unexpected; however, the effects of Lcn2 are not limited to antimicrobial activity. 357 Lcn2 has the ability to act as a growth and differentiation factor [69,70], as well as the ability to modulate 358 expression of many lung epithelial cell genes [25] . While the role of Lcn2 in these processes is not well 359 understood, it may be the case that deletion of Lcn2 impacts lung homeostasis, leading to altered 360 physiology that explains the increase in amino acid levels. Although understanding the mechanism 361 underlying this phenotype is beyond the scope of this study, the phenotype served as a useful tool to (Table S1 ). The gltA complement plasmid was constructed using a Gibson Assembly 393 Cloning Kit (New England Biolabs, Ipswich, MA). Briefly, the gltA sequence including its promoter was 394 amplified from WT KPPR1 by PCR (Table S1 ) and ligated into the pACYC184 backbone [72] to create 395 the pGltA plasmid. The ligation mixture was transformed into NEB 10-beta Competent E. coli (New 396 England Biolabs) by heat shock. Transformants were selected at 37°C on LB agar containing 30 µg/ml 397 chloramphenicol, re-cultured, and confirmed by colony PCR using (Table S1 ). Singe transformants 398 were then grown in batch culture for plasmid extraction using the Plasmid Midi Kit (Qiagen, 399 Germantown, MD). KPPR1gltA competent cells were prepared as previously described [26], 20 400 electroporated with the pGltA plasmid, and selected at 37°C on LB agar containing 30 µg/ml 401 chloramphenicol. Following selection, transformants were re-cultured, and confirmed by colony PCR 402 (Table S1) anesthetized with isoflurane, approximately 1×10 6 CFU was inoculated in the pharynx, and the mouse 428 was monitored until ambulatory. For validation of InSeq findings, WT KPPR1 and KPPR1gltA were 429 cultured overnight in LB, then bacteria were pelleted, resuspended, mixed 1:1, diluted in sterile PBS to 430 the appropriate dose, and 1×10 6 CFU was inoculated in the pharynx. After 24 hours, mice were 431 euthanized by CO 2 asphyxiation and lungs were collected, weighed, and homogenized in sterile PBS, 432 and homogenates were dilution plated on selective media to determine bacterial load. For bacteremia 433 studies, WT KPPR1 and KPPR1gltA were cultured overnight in LB, then bacteria were pelleted, 434 resuspended, mixed 1:1, diluted in sterile PBS to the appropriate dose, and mice were inoculated 435 intraperitoneally with approximately 5×10 5 CFU. After 24 hours, mice were euthanized by 436 CO 2 asphyxiation and blood, spleen, liver, and lungs were collected. Solid organs weighed and 437 homogenized in sterile PBS, and whole blood and solid organ homogenates were plated on selective 438 media. For oral inoculation studies, WT KPPR1 and KPPR1gltA were cultured overnight in LB, then 439 bacteria were pelleted, resuspended, mixed 1:1, diluted in sterile PBS to the appropriate dose, and 440 mice were inoculated orally with approximately 5×10 6 CFU. After 48 hours, mice were euthanized by 441 CO 2 asphyxiation and cecal contents were collected, weighed, and homogenized in sterile PBS, and 442 homogenates were dilution plated on selective media to determine bacterial load. In all models, mice 443 were monitored daily for signs of distress (hunched posture, ruffled fur, decreased mobility, and 444 dehydration) and euthanized at predetermined timepoints, or if signs of significant distress were 445 displayed. No blinding was performed between experimental groups. 446 447 Preparation of recombinant human lipocalin 2 protein and Lcn2 growth assay 448 Human lipocalin 2 was recombinantly expressed, purified, and validated as previously described 449 [46, 74, 75] . WT KPPR1 and various isogenic mutants were grown overnight in LB, then inoculated in 22 450 RPMI with 10% (v/v) heat-inactivated resting human serum with or without 1.6 μM purified recombinant 451 human Lcn2 at a concentration of 1 × 10 3 CFU/mL. Cultures were incubated overnight at 37°C with 5% 452 CO 2 , and bacterial density was enumerated by dilution plating. To generate these curves, all peak areas in samples and calibration standards were first normalized to 526 the peak area of the internal standard, norvaline. Based on replicate analysis of biological samples, 527 the quantitative variability for all reported amino acids using this method is <15% RSD. post-hoc test was used to determine significant differences between groups. For metabolomic analysis, 533 R version 3.5 and the "gplots," "pca3d," and "rgl" packages were used for data visualization and the 534 "limma" was package was used for false discovery rate correction. All animal studies except the InSeq 535 study were replicated at least twice. Competitive indices were log transformed and a one-sample t-test 536 was used to determine significant differences from a hypothetical value of 0 or two-tailed Student's t- 537 test was used to determine significant differences between groups. A P value of less than 0.05 was 538 considered statistically significant for the above experiments, and analysis was performed using Prism 539 6 (GraphPad Software, La Jolla, CA). For InSeq analysis, a p-value was first calculated for each 540 insertion using an exact Poisson test for comparing the two groups, and then the insertion-level p-541 values were combined using Fisher's method [77] to obtain the statistical significance for each gene. 542 Finally, the p-values were adjusted to control the false discovery rate (Dabney A and Storey JD. qvalue: 543 Q-value estimation for false discovery rate control. R package version 1.43.0.). A P value of less than 544 1.3×10 -5 was considered statistically significant. 545 546 26 547 Acknowledgements and Funding 548 We would like to acknowledge Thekkelnaycke Rajendiran, Ph.D. and The Michigan Regional 549 Comprehensive Metabolomics Resource Core at the University of Michigan School of Medicine for their 550 assistance with the metabolomics aspects of this study. We would also like to thank Christ Alteri, Ph.D., 551 Robert P. Dickson, M.D. and Nicole Falkowski for their insightful discussion, assistance, and critical 
